INTRODUCTION
Development of systems for labeling of proteins with synthetic molecules or small molecules is of considerable interest (1), because labeling systems can be used to address fundamental biological questions and can be used for the preparation of novel therapeutics. For example, labeling of proteins with fluorescent molecules allows tracking of the proteins within native environs (2) (3) (4) . Whereas GFP variants have a given fluorescence, use of a tag-fusion protein allows for labeling with a variety of synthetic fluorescent molecules that differ in fluorescence. In addition, modifications to a tag-fusion protein are not limited to introduction of fluorescent molecules; other molecules can be introduced to the tag-fusion protein. Proteins conjugated with carbohydrates or lipids are tools for exploring interactions among these biomolecules on the cell surface and inside cells (5) . Drug-protein conjugates, including antibody conjugates with cytotoxic molecules or radioisotopes, are often safer and more effective therapeutics than drug or protein alone (6) (7) (8) (9) . Proteins labeled with polymers are more stable than the corresponding unlabeled proteins in serum and are useful for therapeutic applications (10) . Labeling reactions of proteins with synthetic molecules can also be used for covalently attaching proteins to the surfaces of microchips or microarrays (11) (12) (13) .
In order to label a protein of interest selectively and specifically, several strategies and methods have been developed. For example, using a tag protein or peptide (either enzymederived or designed) that selectively reacts with designed synthetic molecules provides selective and specific labeling. Methods using a covalently modifiable tag fusion include labeling of O 6 -alkylguanine-DNA alkyltransferase with O 6 -benzylguanine derivatives (3, 14) , Sfp phosphopantetheinyl transferase-catalyzed labeling of a peptide excised from a nonribosomal peptide synthetase with an adenosine 3′-monophosphate derivative (11, 15) , phosphopantetheine transferasecatalyzed labeling of the acyl carrier protein with an adenosine 3′-monophosphate derivative (4), biotin ligase-catalyzed labeling of the acceptor peptide with a biotin-mimic derivative (16) , labeling of a serine esterase cutinase with phosphate derivatives (13) , and labeling of a tetracysteine R-helix motif with biarsenical ligands (17, 18) . Other useful covalent labeling methods include intein-mediated labeling (19) (20) (21) , incorporation of an unnatural amino acid into a protein and labeling of the unnatural amino acid (5) , and introduction of a N-terminal cysteine and its labeling with aldehyde derivatives (22) . When serine or threonine is introduced at the N-terminus of a protein, oxidation of the N-terminal serine or threonine to form an aldehyde group followed by oxime or hydrazone formation reaction is another useful chemical modification method (23) (24) (25) . Labeling of fusion proteins with noncovalent, but tight-binding compounds has also been reported. Examples include labeling of a dihydrofolate reductase (DHFR)-fusion with methotrexate conjugates (26, 27) , labeling of an FKBP12 mutant (F36V)-fusion with its ligand derivatives (28) , labeling of a single chain antibody fusion with its hapten-conjugated molecules (29) , and labeling of avidin fusion with biotin conjugates (30) .
For labeling of fusion proteins, a smaller peptide tag is preferred as the fusion partner because a larger protein tag may affect the function of the protein of interest and because production of larger proteins is often more difficult. When multiple labeling of a protein of interest with different molecules is required, one convenient solution is the introduction of different tags into the protein at the same time followed by specific labeling of each tag of the fusion. For multiple labels, smaller fusion partners allow for the fusion protein to be of reasonable size. When small peptides are used, noncovalent binding is unlikely to provide sufficient hydrogen bonds and/ or charge and hydrophobic interactions for tight binding. In contrast, a covalent bond is sufficient to retain the label and numerous noncovalent interactions are not necessary. Thus small peptides that form covalent bonds with designed compounds should be suitable for conjugation of the fusion proteins with synthetic molecules. In addition, it is preferred that labeling methods do not require additional catalysts or toxic metal reagents. Here we report the development of a small 21-mer peptide that forms an enaminone with 1,3-diketone derivatives. We have demonstrated that when fused to a protein of interest, the peptide can be used to introduce synthetic molecules into the fusion protein without the requirement of additional catalysts or reagents. overnight, washed with H 2 O two times, and blocked with 3% BSA/PBS (170 µL/well) at room temperature for 1.5 h (PBS is 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4). Blocking solution was removed, and the library phage were added. After 2 h, the wells were washed 10 times with 0.5% Tween 20/PBS (PBST) to remove unbound phage. The bound phage were eluted by trypsin digestion (Difco Trypsin 1:250, 10 mg/mL in TBS, 50 µL/well) at 37°C for 30 min, added to E. coli 2537 cells in LB medium, and grown using the procedures recommended by NEB. After four rounds of selection using each phage-displayed peptide library separately, panned libraries were combined and an additional three rounds of selection were performed. The DNA sequences of the clones from the seventh round were analyzed using procedures recommended by NEB. Individual clones were analyzed by ELISA for binding to 1-BSA immobilized on wells of a microtiter plate using anti-M13 antibody-horseradish peroxidase conjugate (Amersham) and the peroxidase substrates 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and hydrogen peroxide.
EXPERIMENTAL PROCEDURES

Selection of
Construction of the Second and Third Libraries and Peptide Selections. The synthesized oligonucleotide library was amplified by PCR using 5′-primer SfiI-f (5′-GAGGAGGAG-GAGGCCCAGGCGGCC-3′) and 3′-primer SfiI-b (5′-GAG-GAGGAGGAGGCCGGCCTGGCC-3′). The PCR conditions as were follows: SfiI-f, 1 µg; SfiI-b, 1 µg; oligonucleotide library, 50 ng; 0.2 mM each dNTP; 10 µL of 10x PCR buffer; 2.5 units of Ampli Taq DNA polymerase (Roche) in a total volume of 100 µL. A program of 94°C 1 min; 94°C 15 s, 52°C 15 s, 72°C 30 s (25 times); 72°C 10 min was used for amplification. The PCR products were purified, digested with SfiI, and ligated to SfiI-digested pComb3X using T4 DNA ligase (NEB). The following oligonucleotides were used (N ) A, C, G, or
Construction of the third libraries was performed using the same procedures as used for construction of the second libraries. The following oligonucleotides were used: PhD-C7C-1319-
, and PhD7-14-10-NNK6
The library size of the second and third libraries was between 2.3 × 10 7 and 3.1 × 10 8 . Ligation mixtures were ethanol precipitated and transformed into E. coli ER 2537 cells by electroporation. Immediately after transformation, 5 mL of SOC (2% trypton, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 20 mM glucose) was added to each reaction, and the cells were grown at 37°C. After 1 h, 10 mL of super broth (SB, 3% trypton, 2% yeast extract, 1% Mops) and carbenicillin (to 20 µg/mL) were added. After 1 h, additional carbenicillin was added to increase the final concentration to 50 µg/mL. After 1 h, helper phage VCS-M13 (∼10 13 pfu) were added, and the culture volume was increased to 100 mL by the addition of SB including carbenicillin (at 50 µg/mL). After 1.5 h, kanamycin (for a final concentration of 70 µg/mL) was added, and the culture was incubated at 37°C over night. The cells were removed by centrifugation (4000 rpm, 30 min). Phage were purified by precipitation: Poly(ethylene glycol) 8000 (final concentration 4% w/v) and NaCl (final concentration 3% w/v) were added to the supernatant, and, after 30 min on ice, the mixture was centrifuged at 9000 rpm for 20 min. The phage precipitate was resuspended in 1% BSA/PBS (2 mL) and filtered (0.2 µm).
Selection was performed using 1-BSA immobilized on wells in a microtiter plate as described above. The bound phage eluted by trypsin were added to E. coli ER2537 cells (20 mL in SB), and the culture was shaken at 37°C. After 15 min, carbenicillin (for a final concentration of 20 µg/mL) was added. After 45 min, helper phage VCS-M13 (∼10 12 pfu) was added, and the culture was diluted to the total volume 100 mL with SB containing carbenicillin (50 µg/mL). After 1.5 h, kanamycin (final concentration of 70 µg/mL) was added, and the culture was incubated at the same temperature overnight. Phage were purified as described above and were used for further panning.
An enzyme-linked immunosorbent assay (ELISA) of individual clones against 1-BSA immobilized on wells of a microtiter plate was performed using anti-decapeptide antibodyalkaline phosphatase conjugate (Pierce) and p-nitrophenyl phosphate.
Preparation rpf1368-MBP. The SfiI-digested fragment of rpf1368 was ligated to SfiI-digested pComb3-MBP vector (see below) with T4 DNA ligase. The ligation mixture was transformed into E. coli XL1-Blue cells (Stratagene) by electroporation. After transformation, SOC (2 mL) was immediately added, and the cells were grown at 37°C. After 1 h, the culture (100, 10, and 1.0 µL) was plated on LB agar containing carbenicillin (100 µg/mL). Individual colonies were picked from the plates and grown in SB (5 mL) containing carbenicillin (50 µg/mL) at 37°C for overnight. The culture was diluted 1:10 in SB containing 0.2% glucose and carbenicillin (50 µg/mL) and was grown for 2 h at 37°C. Expression of the rpf1368-MBP genes was induced by addition of IPTG (1 mM), and the culture was incubated for additional 3 h. The culture was centrifuged (3500 rpm) for 20 min, and the cells were resuspended in PBS (500 µL) and then freeze-thawed five times in a dry ice-ethanol bath and water bath. The lysate sample was spun in a microcentrifuge at maximum speed for 20 min, and the supernatant was used for the ELISA with 1-BSA (see below). The sequence of rpf1368-MBP was confirmed by DNA sequencing of peptide rpf1368 region using primer Mal-B (5′-GAATTTCTCTTCCAGTTTATCCG-3′) as well as the positive signal in ELISA with 1-BSA.
For large-scale production of rpf1368-MBP, the following procedures were used: The colony was picked from a plate and grown in SB (5 mL) containing carbenicillin (50 µg/mL) at 37°C for overnight. A 1 mL aliquot of the culture was added into each of two flasks containing 100 mL of SB containing 0.2% glucose, 20 mM MgCl 2 , and carbenicillin (50 µg/mL) and was grown for 7 h at 37°C. Expression of the rpf1368-MBP genes was induced by addition of IPTG (1 mM), and the culture was incubated overnight. The culture was centrifuged (3500 rpm) for 20 min at 4°C, and the cells were resuspended in amylose column buffer (5 mL) composed of 20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, and 1 mM PMSF. The cells were sonicated on ice using Tekmer Sonic Disrupter. The lysate sample was centrifuged (3500 rpm) for 15 min at 4°C, and the supernatant was filtered. The filtrate was applied to the amylose resin column (pre-equilibrated with the amylose column buffer). The column was washed with the column buffer and rpf1368-MBP was eluted with 10 mM maltose in column buffer. The combined eluted fractions were concentrated, and the buffer was changed to PBS using Centriprep-10 (Millipore). The protein purity was judged to be >95% by in gel electrophoresis.
Construction of pComb3-MBP. Cloning of the SfiI-digested fragment from the pComb3X (31) into pComb3-MBP allowed the production of the MBP-fusion. Vector pComb3-MBP produces N-terminal MBP-fusion (protein/peptide of interest fused at the N-terminus of MBP), and the N-terminal sequence of protein/peptide of the MBP fusion is identical to that produced from the pComb3X system. Vector pComb3-MBP was prepared by replacing gene III of pComb3X with the MBP gene from pMAL-pIII (32) . PCR was performed using (i) primers Bseq (5′-GTGAGC-GAGGAAGCGGAAGAG-3′) and TT-SfiI-b (5′-CATCTGGC-CGGCCTGGCCACTAG-3′) and template pComb3X containing anti-tetanus toxoid Fab p313 gene (33) between the SfiI sites, and (ii) primers SfiI-MBP-f (5′-GGCCAGGCCGGCCAGAT-GAAAATCGAAGAAGGTAAACTG-3′) and MBP-NotI-b (5′-GAGGAGGAGAAGCGGCCGCTTAAATTAATTAGCTA-GCTTAAGAGGAT CCAAATTCTGAAATCC-3′) which included a silent mutation to destroy an intrinsic EcoRI site in MBP (indicated by underlining) and template pMAL-pIII. The PCR fragments were fused using primers Bseq and MBP-NotIb. The resulting PCR product was digested with EcoRI and NotI and purified. The fragment was ligated to EcoRI/NotI-digested pComb3X. The correct vector pComb3-MBP was identified by the production of anti-tetanus toxoid Fab fused to MBP and by ELISA against tetanus toxoid using detection of MBP. When the gene of a protein is cloned by the SfiI sites into this vector and the protein is overproduced, the protein is delivered into the periplasm. Thus in this system disulfide bonds that are conformationally reasonable can form automatically in the periplasm when the protein is produced in E. coli cells.
ELISA of rpf1368-MBP. Wells of a microtiter plate (Costar 3690) were coated with 1-BSA (1 µg/PBS 25 µL/well) at 37°C for 1 h, washed with H 2 O two times, and blocked with 3% BSA/PBS (170 µL/well) at 37°C for 1 h. Blocking solution was removed, and ELISA sample (cell lysate or purified protein) was added (25 µL/well). After 2 h of incubation at room temperature, the wells were washed 10 times with water. The bound rpf1368-MBP was detected using mouse anti-MBP antibody clone MBP-17 (Sigma), goat anti-mouse antibodyalkaline phosphatase conjugate (Pierce), and the phosphatase substrate p-nitrophenyl phosphate. The resulting yellow color was measured at 405 nm. For the control MBP, MBP2* protein (NEB) was used.
For the ELISA using 1-biotin (Figure 2b ), wells of a microtiter plate (Costar 3690) were coated with NeutrAvidin (Pierce) (10 µg/PBS 25 µL/well) at 37°C for 1 h and washed with H 2 O two times, and 1-biotin (80 µM/PBS, 25 µL) was added. After 2 h incubation at room temperature, the wells were washed with H 2 O two times and were blocked with 3% BSA/ PBS (170 µL/well) at room temperature for 1 h. Blocking solution was removed, and ELISA sample was added. The same procedure was then followed as described for the ELISA with 1-BSA. For background ELISA, the same procedures were used except that 1-biotin was added (i.e., wells coated with NeutrAvidin were used for background binding studies).
Whereas 1-BSA possessed ∼30 diketone moieties per BSA molecule, each subunit of NeutrAvidin binds one molecule of biotin. Therefore, ELISA using 1-BSA afforded greater signal (absorption at 405 nm) than that using 1-biotin/NeutrAvidin. Because of the difference in the numbers of the diketone moieties presented on well surfaces, the ELISA signal difference between binding to 1-BSA and to BSA (background) were also greater than that between binding to 1-biotin/NeutrAvidin and to NeutrAvidin (background).
Reaction of rpf1368-MBP with 2,4-Pentanedione. Reactions were initiated by adding 2 µL of 2,4-pentanedione (20 mM in CH 3 CN) to 78 µL of rpf1368-MBP solution in PBS at 25°C. The final conditions were [rpf1368-MBP] 2 µM, [2,4-pentanedione] 500 µM in 2.5% CH 3 CN/PBS (total volume 80 µL). Enaminone formation was measured by the increase in absorption at 318 nm using a spectrophotometer.
Peptide rpf1368. Peptide rpf1368 was synthesized on a peptide synthesizer using standard Fmoc solid-phase peptide synthesis chemistry, purified by HPLC to >95% purity, and characterized by mass spectrometry. An intramolecular S-S bond was formed when the peptide was stored in buffer under air at room temperature overnight or during the reaction with diketones. The cyclized form of the peptide was also characterized by mass analysis.
Mass Analysis for the Reaction of Peptide rpf1368 with Diketone 2. Reactions were initiated by adding 2.5 µL of diketone 2 (20 mM in CH 3 CN) to a mixture of 47 µL of 50 mM Na phosphate, pH 7.0, and 0.5 µL of peptide rpf1368 (10 mM in H 2 O). The final conditions were [rpf1368] 100 µM, [2] 1 mM in 5% CH 3 CN-47 mM Na phosphate, pH 7.0 (total volume 50 µL). After 1 day, MALDI-TOF analysis was performed.
Synthesis of 1-Biotin. See Supporting Information. A mixture of EZ-Link Biotin PEO-LC-Amine (Pierce) (11.2 mg, 0.027 mmol) and diketone N-hydroxysuccinimide ester (Nhydroxysuccinimide ester rather than BSA amide in the structure of 1-BSA shown in Figure 1 
RESULTS AND DISCUSSION
Design of Labeling System Using Enaminone Formation and Selection of Peptides. Lysine -amino groups and Nterminal amino groups in proteins and peptides are not typically nucleophilic enough to form enaminones with 1,3-diketones at neutral pH, but certain enzymes have nucleophilic lysine -amino groups that are essential for catalysis (34, 35) . 1,3-Diketones act as inhibitors of such enzymes by formation of enaminones with the nucleophilic amino groups (36) . Because of the π-conjugation, enaminones are very stable (34, 36, 37) . In order for an amino group to be nucleophilic enough to allow for formation of an enaminone with diketones, the amino group must either have an electrostatic interaction with a positively charged residue or be present within a hydrophobic microenvironment (35, 38, 39) . Only proteins and peptides that can provide such interactions/microenvironments can form enaminones with 1,3-diketones. Thus a small peptide that forms an enaminone with a 1,3-diketone derivative should provide selective and stable labeling of a protein of interest through the enaminone formation reaction with a diketone-labeling molecule conjugate.
Although peptides possessing lysine residues in R-helical structures whose lysine -amino groups are nucleophilic have also been developed by design (40, (41) (42) (43) , design of peptides that form an enaminone with 1,3-diketones is generally a difficult task. To efficiently develop proteins and peptides that have nucleophilic amino group(s), we have used selections from libraries based on formation of enaminones with 1,3-diketones. Using the enaminone formation reaction-based selections with 1,3-diketone derivatives from antibody libaries, we have previously developed catalytic antibodies that possess a nucleophilic lysine -amino group for catalysis (33, 34, 44) . We have also demonstrated that peptides with improved activities for enamine catalysis can be generated by the reaction-based selection with 1,3-diketones using phage displayed peptide libraries (45, 46) and developed an RNase S-peptide-derived small peptide that forms an enaminone, upon interaction with RNase S-protein (47).
Here we have explored reaction-based selection with 1,3-diketone derivatives using peptide libraries that did not initially include helix or sheet structures. Peptide libraries composed of randomized amino acids that are not part of other folded proteins were previously used to identify peptides that noncovalently bind to small molecules (48) . Although selections starting from a completely randomized 80-mer protein library have been performed to select ATP binding proteins (49) , current methods allow for only a small portion of such libraries to be probed. Further, the results obtained from such libraries have not superseded results obtained with smaller peptide libraries. Thus, we started our selection using peptides containing seven to twelve randomized amino acids displayed on phage. Initially selected peptides were improved by extending their structure through the attachment of libraries composed of six randomized amino acids followed by the same reaction-based selections. Multiple rounds of peptide growth and selection were performed to access functional peptides without resorting to a longer peptide library where the theoretically diversity of the library would far exceed that examined in the actual experiment.
First, phage-displayed peptide libraries that contained seven randomized amino acids flanked by a pair of cysteine residues (CX 7 C, X ) any of the natural 20 amino acids), linear sevenmer peptides (X 7 ), and linear 12-mer peptides (X 12 ) fused via a short spacer to the N-terminus of a minor coat protein (pIII) of the filamentous bacteriophage M13 phage were screened in a covalent selection with a 1,3-diketone derivative (Figure 1 ). Four rounds of binding selection of each peptide-phage library were performed against diketone 1-bovine serum albumin conjugate (1-BSA) (34) immobilized on wells in a microtiter plate. Phage from each of the selected libraries were combined, and three additional rounds of selection were performed. After the final round of selection from the first libraries, individual clones were examined for binding to the diketone in an enzyme-linked immunosorbent assay (ELISA) using 1-BSA. The amino acid sequences of the 20 individual clones that showed positive signals, including those with borderline signals (the ELISA signal was above the background but less than 2-fold of the background) in the ELISA, were determined, and six different peptides (total 10 out of the 20) had at least one lysine residue. Since we were more interested in peptides that formed enaminones through lysine -amino groups than through the Nterminal amino group, these six peptide sequences were used as the starting points for further improvement. The peptides were elongated to evolve their activity by attachment of six randomized amino acid residues of each of the natural 20 amino acids. The resulting libraries (the second generation libraries) were selected against 1-BSA for four rounds using the monovalent phage display system pComb3X (31) . ELISA identified individual clones, from the final round of selection from the secondgeneration libraries, that bound to 1-BSA, and the amino acid sequences of the bound clones were determined. These peptides were further elongated by attachment of six randomized amino acid residues, and the same phage selection procedure was used. After the selection from the third generation libraries, a peptide that showed a relatively strong ELISA signal (more than 5-fold of the background) against 1-BSA, named rpf1368 (Figure 1b) , was obtained, and this peptide was further characterized.
Preparation of the Fusion Protein and Evaluation of Diketone Labeling. In order to examine whether peptide rpf1368 could be used to label a protein, a fusion of this peptide with maltose binding protein (MBP) was prepared, and labeling was analyzed by ELISA with 1-BSA. The culture supernatant and lysates of E. coli cells that produced fusion protein rpf1368-MBP showed a positive signal in the ELISA, while the culture supernatant and lysate of E. coli cells that did not produce rpf1368-MBP or that produced only MBP were negative in the same ELISA. The ELISA results concerning these cell lysate experiments and those performed with the purified protein are shown in Figure 2a . Both the cell lysate containing rpf1368-MBP and the purified fusion protein rpf1368-MBP bound to the diketone conjugate 1-BSA significantly better than to BSA. These results indicate that rpf1368 tagged protein can be labeled with diketone derivatives. Since MBP that was not fused to peptide rpf1368 did not bind to 1-BSA, the peptide rpf1368 portion of rpf1368-MBP is essential for binding to the diketone. Note that MBP has 34 lysine residues per molecule. The ELISA results indicate that peptide rpf1368 has a different chemical reactivity with the 1,3-diketone and is selectively labeled.
Labeling of protein rpf1368-MBP was also analyzed using diketone-biotin conjugate 1-biotin in ELISA experiments. Fusion protein rpf1368-MBP bound to 1-biotin supported on a NeutrAvidin, but native MBP did not (Figure 2b) . Biotin was introduced into rpf1368-MBP without requirements of the addition of any second catalysts or reagents. These results indicate that peptide rpf1368 functions as a fusion protein and that this peptide can be used as a tag for proteins to introduce compounds conjugated with the diketone.
Formation of enaminones can be monitored through the UV absorption characteristic of the enaminone at 318 nm (34) , so enaminone formation of rpf1368-MBP was analyzed by monitoring this UV absorption band. When rpf1368-MBP was mixed with 2,4-pentanedione, the smallest compound containing the diketone structure, at pH 7.4, an increase in UV absorption at 318 nm was observed, indicating that rpf1368-MBP covalently bound to this diketone through formation of an enaminone linkage. When 500 µM of 2,4-pentanedione and 2 µM of rpf1368-MBP were mixed in buffer at pH 7.4, the enaminone formation reaction took approximately 10 h to reach >90% modification as shown in Figure 3 . This reaction rate for enaminone formation between rpf1368 and 2,4-pentanedione should be acceptable for labeling. Fusion protein rpf1368-MBP was labeled at a low protein concentration (2 µM). When we studied our previously developed 24-mer peptide FT-YLK3 (46) that possesses nucleophilic lysine residues in a helical structure upon dimerization or oligomerization was fused to MBP, the labeling of FT-YLK3-MBP fusion with 1,3-diketones was not detected at 2 µM fusion protein concentration. At a high concentration, FT-YLK3-MBP formed oligomers, possibly based on oligomerization of the FT-YLK3 portion. Such oligomerization typically is not suitable for many uses of labeled fusion proteins. Thus, as a labeling tag, peptide rpf1368 is superior to our previously developed small peptides containing helical structures where self-association is key for the conformation necessary to provide enaminone forming amino groups.
Characterization of the Labeling Reaction Using Synthetic Peptides. In order to characterize the peptide in more detail, the 21-mer peptide rpf1368 was chemically synthesized (with a C-terminal amide, in cyclic form due to the formation of a disulfide bond between cysteines) and evaluated. This synthesized peptide also showed an increase in UV absorption at 318 nm upon addition of 2,4-pentanedione, characteristic of enaminone formation. Enaminone formation was also confirmed by MALDI-TOF mass analysis. A mixture of peptide rpf1368 and diketone 2 gave isotopic mass m/z MH + of 2725 whereas peptide rpf1368 alone had isotopic mass m/z MH + of 2553 (see Supporting Information). One molecule of diketone 2 (MW 190) was incorporated per peptide rpf1368 and one molecule of H 2 O (MW 18) was released, indicating the formation of the enaminone through an amino group of the peptide. Only one amino group of rpf1368 was nucleophilic. Another possible covalent modification, formation of the pyrimidine derivative with a guanidyl group of an arginine, was excluded by the mass analysis: If a guanidyl group reacted with diketone 2 and formed a derivative of pyrimidine (50) , the mass MH + should be 2707 because two molecules of H 2 O are released in the formation of pyrimidine. Unrelated peptides possessing lysine residue(s), ELLELDKWASLWNC, ELKDKWASLWNWFNIT, ELDK-WASLWNWFDITGGC, and CDEKSKLQEIYQELTQLKAAV-GEL, did not form an enaminone with 2,4-pentanedione; no changes in absorption at 318 nm were observed in the presence of 2,4-pentanedione for these peptides. The single reactive site within peptide rpf1368 is in contrast to our previously developed 24-mer and 35-mer peptides possessing a helical structure (46, 51) . Although multiple lysine groups are present in peptide rpf1368, only one amino group was nucleophilic enough to form the enaminone.
The conformation of peptide rpf1368 was critical for the reactivity. An intramolecular disulfide bond between the two cysteines of the peptide formed spontaneously in buffer under air at room temperature. The uncyclized peptide (prior to disulfide bond formation) did not react with 2,4-pentanedione. The cyclic constraint of rpf1368 by the disulfide bond provided for the formation of favorable electrostatic interactions or a microenvironment that tuned the reactivity of the amino group.
CONCLUSION
We have developed a small 21-mer peptide that possesses a single reactive amino group using a reaction-based selection with a 1,3-diketone derivative and phage-displayed peptide libraries. The libraries did not contain designed helix or sheet structures. We have demonstrated that the peptide can be used as a tag for a protein of interest to covalently label the protein with a synthetic molecule through enaminone formation. No enzyme and no additional reagents were necessary for the labeling of the peptide-protein fusion with the diketone derivatives. Although the reactivity of peptide rpf1368 is still moderate compared to existing covalent labeling tags that are derivatives of natural proteins, this peptide is the smallest peptide tag for covalent labeling with designed synthetic molecules without the requirement of additional catalysts or toxic metal reagents. We have demonstrated that small peptides that covalently react with designer synthetic molecules can be generated. Further improvement of this peptide should provide better small peptide tags for covalent labeling. Using these tags, a variety of molecules such as reporter probes and other functionalities may be conveniently and covalently introduced into proteins of interest.
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